Behavioral thresholds were measured from 31 adults with normal hearing for 500, 1000, 2000, and 4000 Hz brief tones presented using a B-71 bone oscillator. Three occlusion conditions were assessed: ears unoccluded, one ear occluded, and both ears occluded. Mean threshold force levels were 67, 54, 49, and 41 dB re:1µN peak-to-peak equivalent in the unoccluded condition for 500, 1000, 2000, and 4000 Hz, respectively (corrected for air-conduction pure-tone thresholds). A significant occlusion effect was observed for 500 and 1000 Hz stimuli. These thresholds may be used as the 0 dB nHL (normalhearing level) for brief-tone bone-conduction stimuli for auditory brainstem response testing.
uditory brainstem responses (ABRs) elicited by bone-conduction brief-tone stimuli can provide frequency-specific hearing thresholds (Stapells and Ruben, 1989; Kramer, 1992; Nousak and Stapells, 1992; Foxe and Stapells, 1993; Stapells, 1994) . Similar to conventional behavioral audiometric testing, air-and bone-conduction ABR thresholds provide diagnostic information that distinguishes between sensorineural, conductive, and mixed hearing losses (Stapells, 2000) . ABR testing is used to assess patients that cannot be evaluated with behavioral measures, such as infants, young children, and multiply handicapped individuals who are difficult to test. In these patients, particularly in cases of unilateral and bilateral atresia, bone-conduction thresholds contribute to decisions regarding surgical intervention and other rehabilitative strategies (Jahrsdoerfer et al, 1985; Stapells and Ruben, 1989) .
The normal-hearing (dB nHL) values currently used clinically for bone-conduction brief-tone ABR testing are based on previously published behavioral threshold data, from small groups of subjects, with most studies using the Radioear B-70 bone oscillator (Stapells and Ruben, 1989; ConeWesson and Ramirez, 1997; Stapells, 2000) . (One study used the B-71 bone oscillator: Gorga et al, 1993 .) The B-70 bone oscillator is no longer manufactured and has been replaced by the B-71 bone oscillator. There are no published studies that report behavioral thresholds for brief tones presented via the B-71 bone oscillator for a large group of individuals.
Bone-conduction ABR testing in infants and young children is usually done directly after air-conduction ABR testing. Typically, for infants, both insert earphones are positioned in the ear canals at the beginning of the test session, remaining in place throughout the air-and bone-conduction testing to avoid disturbing or waking the child. The occlusion effect is a phenomenon that describes the improvement of the boneconduction behavioral threshold when the ear-canal opening, in a person with normal hearing or a sensorineural hearing loss, is closed off. The occlusion effect is primarily noted at 250, 500, and 1000 Hz and is not seen at 2000 and 4000 Hz (Elpern and Naunton, 1963; Hodgson and Tillman, 1966; Dirks and Swindeman, 1967) . This effect ranges in magnitude from -1 to 17 dB using insert earphones, depending on the depth of insertion (Dean and Martin, 2000) , and 3 to 31 dB when using supra-aural headphones (Elpern and Naunton, 1963; Hodgson and Tillman, 1966; Dirks and Swindeman, 1967; Dean and Martin, 2000) . Clinicians compensate for the occlusion effect, particularly at frequencies below 2000 Hz, when assessing hearing thresholds with the bone oscillator and headphones both in place at the same time, such as when using masking noise (Goldstein and Newman, 1994) . If bone-conduction ABR thresholds are attempted with both ears occluded, the occlusion effect may result in an underestimation of the infant's hearing thresholds (i.e., better thresholds) at 500 and 1000 Hz. There is no published study that has investigated the occlusion effect on behavioral threshold for brief tones.
The main purpose of this study was to measure behavioral thresholds for 500, 1000, 2000, and 4000 Hz brief-tone stimuli, presented via a B-71 bone oscillator, from a large group of normal-hearing adults (n = 31), in order to establish dB nHL values to be used for ABR testing using boneconduction brief tones. It was also the purpose of this study to provide dB nHL values for the occlusion conditions commonly used in clinical ABR testing including: both ears unoccluded, one ear occluded, and both ears occluded.
METHODS

Participants
Thirty-one adults aged 18 to 42 years with normal hearing participated. All participants had air-and bone-conduction thresholds of 15 dB HL (ANSI 1996) or better at 500, 1000, 2000, and 4000 Hz , and airconduction thresholds of 25 dB HL or better in both ears at 250 and 8000 Hz. Mean (± SD) air-and bone-conduction pure-tone behavioral thresholds are shown in Table 1 .
Stimuli
The stimuli were 2-1-2 cycle, linear-gated 500, 1000, 2000, and 4000 Hz brief tones with alternating onset polarity. The 500 Hz brief tone had 4 msec rise/fall times and a 2 msec plateau time. The 1000 Hz brief tone had 2 msec rise/fall times and a 2 msec plateau time. The 2000 Hz brief tone had 1 msec rise/fall times and a 0.5 msec plateau time. The 4000 Hz brief tone had 0.5 msec rise/fall times and a 0.25 msec plateau time (Stapells et al, 1990 (Stapells et al, , 1995 Stapells, 2000) . The stimuli were presented at a rate of 10/sec using 1 sec stimulus presentations (Stapells et al, 1982 (Stapells et al, , 1990 .
All stimuli were generated using the Neuroscan "STIM" system, attenuated by Tucker-Davis PA4 and HB6 modules, and presented via a Radioear B-71 bone oscillator. The bone oscillator was held in position on the temporal bone within 2 cm of the pinna, with an elastic headband fastened with Velcro TM (Design Veronique Universal Facial Band #210) with 450-550 g of force.
Calibration
The stimuli were calibrated in equivalent threshold force levels (dB re:1µN) using a Brüel and Kjaer model 2218 sound level meter and model 4930 artificial mastoid. The oscillator was coupled to the artificial mastoid with 550 g of force. Peak-to-peak equivalent force levels were measured. The maximum intensity limit for the B-71 bone oscillator at each stimulus frequency was determined by checking for linearity with incremental increases in force levels and by visual inspection for clipping of the peaks of the waveform on an oscilloscope. The maximum limits were 118, 116, 112, and 102 dB re:1µN peak-to-peak equivalent (ppe) for 500, 1000, 2000, and 4000 Hz brief tones, respectively.
Procedure
Testing was performed in a double-walled sound-attenuating booth with background ambient noise levels of 12, 10, 10, and 12 dB SPL for octave-band center frequencies of 500, 1000, 2000, and 4000 Hz. Each participant sat in a comfortable chair and was instructed to raise a hand to signal when he heard the stimulus. Pure-tone air-and boneconduction thresholds were obtained at the beginning of the session to establish the presence of normal-hearing thresholds. The right mastoid was used as the test mastoid for all participants.
An adaptive technique with a 2 dB final step size (4 dB down, 2 dB up) was used to obtain behavioral brief-tone thresholds for each frequency. Stimulus levels approximately equivalent to 30 dB nHL were presented initially to familiarize the participant with the tone being tested. The force levels for the familiarization tones were 100, 82, 80, and 77 dB re:1µN for 500, 1000, 2000, and 4000 Hz, respectively. Starting intensities were then selected at random to be either the same as the familiarization tone, or 4 dB above or below it. Thresholds were determined for three different test conditions including: both ears unoccluded, one ear occluded (ear opposite to the test mastoid), and both ears occluded. Ear(s) were occluded using EAR-3A foam ear tips that were positioned in the ear canal at an insertion depth typically used in clinical practice, similar to the shallow insertion depth described by Dean and Martin (2000) . The orders of the test conditions and frequencies presented within each condition were randomly selected. Three responses at a given intensity were required to establish a threshold level. The total testing time was approximately one hour, including hearing screening.
Data Analyses
Individual bone-conduction thresholds were corrected for the individual's pure-tone behavioral threshold (air-conduction) for each frequency tested. A two-way repeated measures analysis of variance (ANOVA) was used to compare the corrected behavioral threshold values at 500, 1000, 2000, and 4000 Hz in the unoccluded, one-ear-occluded, and both-ears-occluded conditions. GreenhouseGeisser epsilon correction factors for degrees of freedom were used. Newman-Keuls posthoc comparisons were performed for significant main effects and interactions.
Results of the two-way repeated measures ANOVA and post hoc tests were significant if p < .05.
RESULTS
T able 2 shows the mean bone-conduction thresholds (corrected for air-conduction pure-tone thresholds) for 500, 1000, 2000, and 4000 Hz brief tones for the unoccluded, one-ear-occluded, and both-ears-occluded conditions. Threshold force levels, in dB re:1mN, decreased with increased frequency within each condition. Across occlusion conditions, there were frequency-dependent differences in threshold levels. There was a decrease in threshold level for 500 Hz brief tones for both occlusion conditions compared to the unoccluded condition. Threshold levels were similar across conditions for the 1000 and the 2000 Hz brief tones. For 4000 Hz brief tones, there was an increase in threshold levels when both ears were occluded compared to the one-ear-occluded condition or unoccluded condition.
The results of the ANOVA, shown in Table  3 , indicated statistically significant main effects of occlusion condition and frequency and an interaction between frequency and occlusion. Newman-Keul post-hoc comparisons between occlusion conditions indicated that the mean behavioral thresholds for the unoccluded condition were significantly higher than the mean behavioral thresholds for the one-ear-occluded condition but no different from the two-ear-occluded condition. There was no significant difference in mean behavioral thresholds between the two occlusion conditions. Newman-Keul post-hoc comparisons between frequencies revealed significant differences between 500, 1000, 2000, and 4000 Hz. Newman-Keul post-hoc comparisons across frequency and occlusion conditions indicated that differences between mean behavioral thresholds for different occlusion conditions for 2000 Hz were not statistically significant. For 500 Hz, there was a statistically significant decrease in mean behavioral threshold between the unoccluded condition and both of the occlusion conditions (p < .001) but no difference between the two occlusion conditions. For 1000 Hz, there was no significant difference between mean behavioral thresholds for the unoccluded and one-ear-occluded conditions (p = .204), but there was a significant difference between the unoccluded and both-ears-occluded conditions (p < .001). At 4000 Hz, the mean threshold for the both-ears-occluded condition was significantly higher than for the one-earoccluded (p <.001) and the unoccluded (p < .001) conditions. No difference was found between the one-ear-occluded and unoccluded conditions at 4000 Hz (p = .865). Table 2 of this study provide the mean force levels to calibrate bone-conduction brieftone stimuli present using the B-71 transducer for ABR testing at 500, 1000, 2000, and 4000 Hz. The mean force levels measured were corrected for air-conduction pure-tone thresholds to generate 0 dB nHL values for each frequency and occlusion condition evaluated. Uncorrected mean force values were 2-3 dB higher than the corrected thresholds across frequencies and are reported in Table 4 in order to allow comparisons across studies and different types of transducers.
DISCUSSION
T he behavioral thresholds reported in
Uncorrected mean force values for 500 and 2000 Hz brief-tone thresholds using the B-71 bone oscillator in this study are within 6 dB of those levels previously reported for B-70 and B-71 bone oscillators (Table 4) (Stapells and Ruben, 1989; Kramer, 1992; Foxe and Stapells, 1993; Gorga et al, 1993; Cone-Wesson and Ramirez, 1997; Stapells, 2000) . The mean behavioral threshold for 4000 Hz, however, is substantially lower than that reported by Stapells (2000) and by ConeWesson and Ramirez (1997) but is similar to Gorga et al (1993) . These differences appear to be related to variability across studies rather than electroacoustic differences between the B-70 and B-71 bone oscillators. The mean behavioral threshold at 1000 Hz is 10 dB lower than that reported in Gorga et al (1993) , the only other published study that included 1000 Hz. The reason for this discrepancy between these mean threshold values is not clear. The similarities in thresholds for brief-tones between the B-70 and B-71 oscillators are consistent with the findings reported by Dean and Martin (1997) showing no significant difference between pure-tone thresholds measured for these transducers for octave frequencies from 250-4000 Hz.
The occlusion effect observed for 500 and 1000 Hz brief tones in this study is smaller compared to previously reported results for pure-tone stimuli presented via bone transducers (Table 5) (Elpern and Naunton, 1963; Hodgson and Tillman, 1966; Dirks and Swindeman, 1967; Dean and Martin, 2000) . The trend showing a decrease in occlusion effect at 1000 Hz compared to 500 Hz is also consistent with the decrease in the occlusion effect with an increase in frequency observed by Dean and Martin (2000) . The increase in behavioral thresholds for 4000 Hz when both ears are occluded is not typically expected, and the reason for this phenomenon is unclear. Hodgson and Tillman (1966) are the only other researchers that reported a negative mean occlusion effect for 2000 and 4000 Hz, but this was only 1-2 dB in a Determined from graphs in Figure 2 of Gorga et al, 1993 b Not corrected for air-conduction pure-tone behavioral thresholds magnitude using supra-aural TDH-49 headphones. Few studies have investigated the occlusion effect for 4000 Hz; the negative occlusion effect at 4000 Hz may have some practical significance given that the difference between the behavioral thresholds for the unoccluded and both-ears-occluded conditions are statistically significant. It is important to note that this study assessed the occlusion effect using brief tones in adults. It is unknown whether similar occlusion effects would be found in infants, given the significant differences and ongoing changes in ear canal size, tissue compliance, and other factors in infancy (Keefe et al, 1993) . Further studies are needed to assess how occlusion conditions may affect hearing thresholds in infants. The 500 and 2000 Hz levels of the present study, obtained by the B-71 bone oscillator, are not substantially different from those previously reported by other investigators for the B-70 bone oscillator (Stapells and Ruben, 1989; Cone-Wesson and Ramirez, 1997; Stapells, 2000) or the B-71 by Gorga et al (1993) . Thus, clinical interpretation of 500 and 2000 Hz bone-conduction ABR thresholds remains essentially unchanged. Stapells and colleagues (Stapells, 1989; Stapells and Ruben, 1989; Stapells, 2000) recommended normal bone-conduction ABR criteria for infants of 20 dB nHL at 500 and 30 dB nHL at 2000 Hz. The results of this study indicate that there is no occlusion effect at 1000 or 2000 Hz. Clinicians should, however, be aware that bone-conduction ABR thresholds obtained for 500 and 4000 Hz brief tones may be underestimated and overestimated by as much as 5 dB, respectively, if one or both ears are occluded during testing, although the extent of the occlusion effect is not known for infants.
In summary, results of the present study indicate that normal behavioral thresholds for bone-conduction brief tones presented through a B-71 transducer are 67, 54, 49, and 41 dB re:1µN (ppe) for 500, 1000, 2000, and 4000 Hz, respectively (unoccluded condition). The results also indicate maximum stimulus intensities of 51, 62, 63, and 61 dB nHL for 500, 1000, 2000, and 4000 Hz brief tones, respectively, for the B-71 bone oscillator. Signal distortion occurs above these levels. Elpern and Naunton, 1963 a supra-aural 23 ± 4.5 11 ± 5.0 0 ± 4.5 0 ± 3.0
Hogdson and Tillman, 1966 a supra-aural 19 ± 5.5 8 ± 4.6 0 ± 3.0 -1 ± 4.0
Dirks and Swindeman, 1967 a supra-aural 19 ± 3.7 8 ± 4.0 -1 ± 2.7 -Dean and Martin, 2000 a shallow insertion depth 10 ± 4.5 6 ± 6.0 --deep insertion depth 6 ± 5.6 1 ± 3.7 --supra-aural 13 ± 4.4 3 ± 5.2 --Present study b shallow insertion depth 5 ± 7.0 3 ± 4.4 0 ± 4.5 -5 ± 5.4 a long-duration tones b brief tones Note: Shown are mean occlusion effects obtained at the mastoid for 500, 1000, 2000, and 4000 Hz. Results are reported for both ears occluded only (mean ± SD).
